Introduction
Arsenic is a toxic and heavy metal that widely widespread in environment. 1 It can be found in water, air and soil and chronic exposure to it has now become a major public health problem. 2 Human exposure to arsenic (As) increases the risk of many disorders including cardiovascular and lung diseases, leukemia, cancers, hepatotoxicity, neurotoxicity, and diabetes. [3] [4] [5] [6] Nevertheless, the mechanisms in which arsenic induces these abnormalities are not well-understood. Recent evidences have indicated that arsenic induces cellular toxicity through the inhibition of approximately 200 enzymes involved in cellular energy pathways, DNA synthesis and repair. 7 Oxidative stress and inflammation induced by excessive production of reactive oxygen species (ROS) is now considered as one of the main mechanisms of arsenic toxicity. 8 ROS can interact with DNA, lipids and proteins to stimulate severe damages including DNA breaks, deletions, membrane disability and as the result cell death and apoptosis. 9, 10 Arsenic exposure can be involved in production of different types of ROS such as superoxide anion (O2 
. 11 Chronic exposure to arsenic was reported to be associated with overproduction of ROS in the liver, 12 increased production of lipid peroxide in serum, 13 and depletion of blood antioxidants.
14 It is also associated with an increase in the C-reactive protein (CRP) in the liver and kidney, 15 leukocytes recruitment at the site of injuries, 16 proinflammatory cytokines such as interleukin-6 (IL-6) and IL-8. 17 Therefore, it is expected that antioxidant therapy may be helpful to mitigate the arsenic toxicity in exposed individuals. N-acetylcysteine (NAC) is an acetylated cysteine residue that improves the protective ability of the cell against oxidative stress, infections, toxic assault, and inflammatory conditions. 18, 19 Curcumin (Cur) is a natural component that has strong antioxidative and antiinflammatory activities. 20 A large number of studies have illustrated that both NAC and Cur attenuate arsenicinduced toxicity. For example, recent studies have indicated that NAC and Cur can attenuate arsenic-induced hepatotoxicity, 21 renal toxicity, kidney, brain,
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A B S T R A C T
Background: Arsenic is a toxic element that widely widespread in environment. Inflammation is now considered as one of the major mechanisms implicated in arsenic poisoning. Curcumin (Cur) and N-acetylcysteine (NAC) are potential antioxidants that protect cells against inflammation. This study aimed to compare the protective effect of Cur and NAC on brain histology and inflammatory factors, including matrix metalloproteinases-2, -9 (MMP-2, 9) and tumor necrosis factor-α (TNF-α) in rats exposed to single dose of arsenic. Methods: Rats were exposed to single dose of arsenic (20mg/kg, by gavage) for 30 days and then treated with 300mg/kg NAC (by gavage) and 100mg/kg Cur (by gavage), individually. Serum level of TNF-α was measured using specific ELISA kits. MMP2 and MMP9 contents were measured using Gelatin Zymography method. Brain samples were collected for histopathological and morphological examinations. Results: Arsenic treatment induced white matter lesions and cellular damages at hippocampal CA1 area of the brain. The number of hippocampal CA1 pyramidal cells was significantly declined in arsenic exposed rats (p<0.05). Treatment with NAC and Cur improved these abnormalities. The mean levels of MMP2, MMP9 and TNF-α inflammatory biomarkers were slightly declined after treatment with NAC and Cur (p>0.05). Conclusion: NAC and Cur play an important role in protecting the hippocampal CA1 cells injury induced by arsenic. reprotoxicity, 23 DNA damage, 24 oxidative stress, inflammation, and apoptosis. 25 Although several studies have considered the arsenicinduced toxicity in different tissues, less information is available about anti-inflammatory and protective effects of NAC and Cur during and after arsenic exposure. We hypothesize that treatment with NAC and Cur may help maintain brain health by declining inflammation. Therefore, the present study is designed to compare the protective effects of NAC and Cur administration on histological alterations and inflammatory mediators, including matrix metalloproteinases-2, -9 (MMP-2, 9) and tumor necrosis factor-α (TNF-α), in rats exposed to single dose of arsenic.
Materials and Methods
Animals
In this experimental study, 36 male Wistar rats (6-8 weeks of age) with a body weight of 150-200 g were provided from the Baqiyatallah University of Medical Sciences. After a period of one week adaptation with lab environment, rats were randomly allocated into 6 groups, including control, G2 (arsenic), G3 (arsenic + NAC), G4 (arsenic + Cur), G5 (arsenic + NAC, post treatment) and G6 (arsenic + Cur, post treatment). Rats in each group were housed 3 per cage (55 × 30 × 20 cm) in a climate controlled room (ambient temperature of 22 ± 2°C, humidity 55 ± 2, and a 12:12 light/dark cycle) and had free access to food (10g/kg/day) and tab water. The study was approved by the animal care and use committee at the Islamic Azad University of Shahre Reza, Iran.
Treatments
Arsenic and Cur were purchased from the Merck Company (German), while NAC was purchased from the Sigma Aldrich Company (USA). Rats in G2 group received a single gavage administration of arsenic (20mg/kg, by gavage) every other day for 30 days 26 . Rats in G3 group received gavage administration of arsenic (20mg/kg) and NAC (300mg/kg, by gavage) at same time every other day for 30 days. 26 Rats in G4 group treated with concomitant administration of arsenic (20mg/kg) and Cur (100mg/kg) every other day for 30 days. 26 Rats in G5 group gained a gavage administration of arsenic (20mg/kg) for 4 weeks and then they treated with NAC (300mg/kg) for 2 weeks. Rats in G6 group obtained a gavage administration of arsenic (20mg/kg) for 4 weeks and then they treated with Cur (300mg/kg) for 2 weeks. The control group was fed with normal pellet and water for 30 days.
Blood and tissue Samples
On finishing the experiment (24h after the final treatment), rats were anesthetized with diethyl ether and then blood samples were collected from the abdominal aorta. 27 Blood samples were centrifuged at 2000 rpm for 10 min and serum was stored at -20 °C until further examinations. For histological examinations, brain tissue was removed and fixed in 10% formalin for at least 48h. Fragments were dehydrated in graded series of ethanol, embedded in paraffin and sectioned using an automatic microtome at 4-5 mm thickness. For histological and morphological examinations, the sectioned tissues were stained with Haematoxylin-Eosin (H&E) and examined by light microscopy.
TNF-α measurement
The level of TNF-α in serum samples was measured by the Rat TNF-α ELISA Kit provided by Diaclone Company (French).
MM2 and MMP9 measurement
MMP2 and MMP9 were measured using Gelatin Zymography method, as previously described in detail. 28 Briefly, serum specimen was separated by electrophoresis in 30% polyacrylamide gel impregnated with 3% of gelatin under non-reducing conditions. Serum total proteins concentration was determined by Bradford method. 29 Each lane of a SDS-polyacrylamide gel was loaded with 15 µg of total protein mixed with loading buffer. All samples were provided in duplicate and averaged. Electrophoresis was performed under a constant current of 90 MA until the bromophenol blue reaches the bottom of the gel. After electrophoresis, the gels were washed in distilled water and then soaked in renaturing buffer (60 min in 2.5% Triton X-100) with gentle shaking at room temperature in order to remove the sodium dodecyl sulfate. After that, the gels were washed in distilled water 2-3 times and then soaked in zymogram developing buffer (50 mM Tris Base, pH 7.4 containing 200 mM NaCl, 4 mM CaCl2 and 0.02 M Tween) for 48h at 37 o C. After washing the gels with distilled water 3 times for 10 min, they were stained with Coomassie Blue and stained with gentle agitation for 1 hr. The areas of proteinase activity were visualized as clear bands by washing the gels with distilled water and then destaining solution (40% methanol and 10% glacial acetic) for 30 min. For quantification of gelatin degradation, gels were scanned and were assessed by densitometer analysis method (JS800 model) creating an arbitrary unit (AU) for each band by calculating the integrated area under each peak (Image software). The activity values of pro-and active MMP-2 and MMP-9 for each specimen were expressed in AU related to the level of pro-MMP-2 of the positive-control standard loaded on each gel (Figure 1) . Each band's activity was reported as the mean of two different measurements of the same sample.
Statistical analysis
All data are reported as means ±SD. The mean of all parameters between different groups was compared using the One-Way ANOVA: Post Hoc-Tukey test. Data were analyzed using SPSS (version 19). A p<0.05 was considered as significant. Comparison of the mean number of hippocampal CA1 pyramidal cells between control, G2, G3, G4, G5 and G6 groups. A significant difference was observed in the mean number of the cells between the groups (p<0.001). G2 (arsenic), G3 (arsenic + NAC), G4 (arsenic + Cur), G5 (arsenic + NAC, post treatment) and G6 (arsenic + Cur, post treatment). Post Hoc-Tukey test was applied to compare mean value of parameters between all groups. The mean number of hippocampal CA1 pyramidal cells is not significant between groups with similar symbols (a). *p<0.05 compared to control. **p<0.01 compared to control; ** p<0.001 compared to control. Figure 2 . Although non-significant difference was found in the mean value of MMP2 between all groups (p=0.981), rats that received arsenic alone showed the highest mean level of MMP2 (1.35±0.29). While rats that post-treated with As + NAC (G3) demonstrated the lowest mean level of MMP2 (1.15±0.16) compared to the other groups. The mean of MMP2 in G2 and G4 groups was increased by 10.7% and 2.4%, respectively, compared to the control group. In contrast, it has been declined by 4.9%, 5.7% and 2.5% in G3, G5, and G4 groups, respectively, when compared to the control group (Figure 2) . Figure 3 shows comparison of the MMP9 mean levels between all groups. There was no significant difference in the mean of MMP9 level between all groups (p=0.936). Nevertheless, rats that received arsenic alone showed a mild increase in mean level of MMP9 (1.31±0.25), while rats that post-treated with As + Curcumin (G4) demonstrated a slight reduction in mean level of MMP9 (1.06±0.2) compared to the other groups. The mean of MMP9 in G2, G3, G5 and G6 groups was increased by 20.2%, 14.7%, 10.1% and 5.5%, respectively, compared to the control group. In contrast, it has been decreased by 2.8% in G4 group compared to the control group ( Figure  3) . The mean number of hippocampal CA1 pyramidal cells in all groups is presented in Figure 4 . A significant difference was found in the mean number of the cells between all groups (p<0.001). The mean number of the hippocampal CA1 pyramidal cells in control group (22.17±1.17) was significantly higher than that in other groups (p<0.01), while rats that treated with arsenic alone showed significantly the lowest mean cells counts (10.83±1.17) compared to the other groups (p<0.05). Rats that received arsenic and Curcumin at a same time (G4 group), showed the second greatest mean number of the hippocampal CA1 pyramidal cells (17.5±1.05) compared to the G2, G3 (13.33±0.82), G5 (13.0±0.89) and G6 (13.5±0.84) groups (p<0.05). There was no significant difference in mean of cells counts between G3, G5 and G6 groups (Figure 4 ). The mean level of TNF-α in all groups is depicted in Figure 5 . A non-significant difference was observed in the mean of TNF-α levels between all groups (p=0.399). Rats that received arsenic and NAC at a same time (G3) had slightly higher mean value of TNF-α (0.57±0.02), while rats in the control group showed slightly lower mean level of TNF-α (0.47±0.14) compared to the other groups. The mean of TNF-α level from G2 to G6 groups was increased by 19.1%, 21.3%, 6.4%, 8.5%, and 6.4%, respectively, compared to the control group. The histopathological and morphological examinations of brain tissue from different groups can be seen in Figure 6 . The hippocampal CA1 area from control group ( Figure  6A ) was normal in structure. Furthermore, normal gray matter and white matter can be seen in hippocampal CA1 area. Severe white matter lesions and cellular damages are detected in the hippocampal CA1 area of rats in G2 ( Figure 6B ) group. The hippocampal CA1 area of G3 ( Figure 6C ) and G5 ( Figure 6E ) groups showed mild lesions in the gray and white matters. An improvement was found in cells morphology and arrangement in G4 ( Figure 6D ) and G6 ( Figure 6F ) groups. Additionally, the normal gray and white matters along with neurons were also arranged in normal structure.
Results
Comparison of the MMP2 mean values between all groups can be seen in
Discussion
Inflammation is now considered as one of the significant mechanisms of arsenic toxicity which can be associated with ROS production, oxidative stress, DNA oxidation, lipid peroxidation and cellular damages. 30 A growing number of studies have shown that chronic exposure to arsenic enhances inflammatory responses and subsequently oxidative stress by generating ROS. [31] [32] [33] [34] For example, maternal exposure to arsenic has been reported to be associated with increased placental contents of inflammatory markers such as 8-oxoguanine (8-oxoG), interleukin-1β (IL-1β), TNF-α and interferon-gamma (IFN-γ). 35 In another study, arsenic exposure was associated with increased renal inflammation and decreased estimated glomerular filtration rate. 34 Ma et al, 36 illustrated that arsenic results in oxidative stress and inflammation through induction of NADPH oxidase (NOX) activity and overproduction of nitric oxide (NO). A more recent study has reported that chronic exposure to arsenic is associated with lung inflammation and impaired lung function. 37 Arsenic can also accumulate macrophages and neutrophils, as a major source of inflammatory mediators, at the site of tissue injury. Increased macrophage and neutrophil level can subsequently be associated with recruitment and activation of other leukocytes. 38 This causes to overproduction of ROS that can overwhelm the antioxidant strategies, leading to oxidative stress. 39 Oxidative stress and pro-inflammatory cytokines induced by arsenic impair cellular protein degradation and autophagy, leading to intracellular protein aggregation, reticulum endoplasmic stress and mitochondrial dysfunction. 40 Arsenic intake via food or water was reported to be associated with elevated serum MMP-9. 41 In another study, Zhnag et al, 42 indicated that arsenic can down-regulate the expression of VEGF and inhibit the activity of MMP-2 and MMP-9. Given the fact that arsenic exposure can be associated with antioxidants depletion, inflammatory responses and oxidative stress, antioxidant therapy may be helpful to mitigate its pathological effects. In this study, we compared the protective effect of Cur and NAC on the level of inflammatory factors, MMP-2, MMP-9 and TNF-α, in rats exposed to single dose of arsenic for 30 days. A mild trend was observed toward increased values of serum MMP-2, MMP-9 and TNF-α in rats exposed to arsenic. Additionally, arsenic treatment induced white matter lesions and cellular damages at hippocampal CA1 area of the brain. We also found that arsenic exposure reduced significantly the number of hippocampal CA1 pyramidal cells count compared to untreated rats. These data confirmed that the rats are suffered inflammation after exposure to arsenic. We found that treatment with NAC and Cur declined the level of inflammatory biomarkers. Furthermore, the number of hippocampal CA1 pyramidal cells was improved after treatment with these antioxidants. However, curcumin showed relatively higher protective effect on brain compared to NAC. These findings suggest that NAC and Cur play an important role in protecting the hippocampal CA1 cells injury induced by arsenic. Several lines of studies indicated that Cur and NAC have important roles to prevent harmful effects of arsenic on different tissues such as brain, kidney and liver. 21, [43] [44] [45] For instance, Srivastava et al, 26 demonstrated the neuroprotection of Cur (100mg/kg) against arsenicinduced toxicity in rats. They observed loss of myelin sheath and distorted mitochondria cristae in the both frontal cortex and hippocampus of arsenic exposed (20 mg/kg) rats. Curcumin therapy was found to protect arsenic-induced changes in the mitochondrial membrane potential and activity of mitochondrial complexes both in frontal cortex and hippocampus. 26 da Silva et al, 1 reported that coadministration of NAC can ameliorate the harmful effects of arsenic on the male genital system. In another study, Reddy et al, 23 demonstrated that intraperitoneal injection of NAC increase the weights of reproductive organs, reduce arsenic-induced inflammation and improve steroidogenesis in arsenic-exposed mice, suggesting the beneficial role of NAC to counteract arsenic-induced inflammation and to restore the suppressed reproduction in male mice. The anti-apoptotic effect of both Cur and NAC was explained in previous studies, 46, 47 In another research, Cur therapy has been also shown to ameliorate arsenic-induced inflammatory damage in kidney and brain tissues. 22 In a previous study, Cur therapy attenuated arsenic-induced chromosomal aberrations, micronuclei formation and DNA damage in rat bone marrow cells. 48 In another research, hepatoprotective effect of curcumin against arsenic toxicity was considered. For example, Sanker et al, 49 illustrated that arsenic not only increases lipid peroxidation, GSH depletion and decreased the activities of SOD, CAT, GPX and glutathione reductase (GSR) in liver, but also it increases the activity of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) and causes histological alterations in liver indicating hepatotoxicity. They also showed that all of these abnormalities were attenuated with curcumin treatment (100 mg/kg). These data suggest that Cur can protect different organ against arsenic toxicity by reducing the ROS generation, DNA damage, lipid peroxidation and increasing the level of antioxidant activity. 24 
Conclusion
In summary, it is concluded that arsenic induces morphological abnormalities in brain such as severe white matter lesions and cellular damages along with significant reduction in the number of hippocampal CA1 cells counts. Furthermore, a trend was found toward increased values of serum MMP-2, MMP-9 and TNF-α in the brain of arsenic exposed rats. However, a limitation of this study is related to oral administration of Cur, which seems to be not an appropriate method for Cur supplementation in the sole water. Therefore, NAC and Cur play an important role in protecting the hippocampal CA1 cells injury induced by arsenic due to their possible anti-inflammatory properties.
